DNA damage is commonly measured at the level of individual cells using the so-called comet assay (single-cell gel electrophoresis). As the frequency of DNA breaks increases, so does the fraction of the DNA extending towards the anode, forming the comet tail. Comets with almost all DNA in the tail are often referred to as 'hedgehog' comets and are widely assumed to represent apoptotic cells. We review the literature and present theoretical and empirical arguments against this interpretation. The level of DNA damage in these comets is far less than the massive fragmentation that occurs in apoptosis. 'Hedgehog' comets are formed after moderate exposure of cells to, for example, H 2 O 2 , but if the cells are incubated for a short period, 'hedgehogs' are no longer seen. We confirm that this is not because DNA has degraded further and been lost from the gel, but because the DNA is repaired. The comet assay may detect the earliest stages of apoptosis, but as it proceeds, comets disappear in a smear of unattached DNA. It is clear that 'hedgehogs' can correspond to one level on a continuum of genotoxic damage, are not diagnostic of apoptosis and should not be regarded as an indicator of cytotoxicity.
Introduction
The comet assay or single-cell gel electrophoresis (1) is widely used to assess DNA damage. After embedding in agarose on a microscope slide, cells are lysed, leaving nucleoids (residual DNA structures), which are then electrophoresed in alkali. DNA loops containing breaks are relaxed and extend towards the anode, forming a comet-like image viewed by fluorescence microscopy with a suitable stain. The extent of DNA damage [strand breaks (SBs)] is best expressed as the percentage of DNA fluorescence in the tail. It was suggested almost two decades ago (2) that comets with a small nucleoid head and large, broad tail-variously referred to, since then, as 'hedgehog' comets, or 'ghosts' or 'clouds'-come from heavily damaged cells and represent cells engaging in apoptosis. There are strong arguments against the identification of such comets with apoptotic cells, and yet they are still frequently used as indicators of cytotoxic effects resulting in cell death. There is clearly still a need to restate the case against 'hedgehog' comets being identified as from dead or dying cells. In this study, we review the literature for and against this interpretation, and provide further evidence that 'hedgehog' comets cannot be equated with apoptotic cells.
It has been known for many years (3) that cells treated with H 2 O 2 at concentrations of about 100 µM for 5 min suffer DNA breakage that leads to a substantial increase in percentage tail DNA and the appearance of a high proportion of 'hedgehog' comets; and that after incubation, the mean percentage tail DNA falls to near background levels. The obvious explanation is that the cells have repaired the H 2 O 2 -induced SBs. However, it is also possible, in principle, that the highly damaged cells have gone into apoptosis and that the fragmented DNA has disappeared from the gel, leaving only relatively undamaged cells. This would, however, be reflected in a drastic reduction in the number of comets detected during scoring.
We have, therefore, carefully monitored the density of comets in the gel and the decline in percentage tail DNA in cells incubated after treatment with H 2 O 2 . We have also attempted to detect comets after subjecting cells to treatment with sodium dodecyl sulphate (SDS), known to be cytotoxic but not genotoxic (4).
Materials and methods

Cell culture
HeLa cells (derived from human cervical cancer) were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% foetal calf serum, 2 mM l-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were maintained as monolayer cultures at 37°C in a humidified atmosphere with 5% CO 2 and routinely passaged by trypsinisation when nearly confluent.
Experiments with H 2 O 2 : strand break repair
The H 2 O 2 treatment was performed after embedding the cells in agarose to avoid loss of cells during the treatment. Cells were trypsinised and resuspended in phosphate-buffered saline (PBS) at 2.5 × 10 5 cells/ml. Thirty microlitres of cell suspension was mixed with 140 μl of 1% low melting point agarose, and four 5 µl drops were placed onto the precoated slide as 2 rows of 2 following the pattern of the 12 minigels per slide format (5) . Minigels were used to reduce the number of cells per gel so that they could be easily counted. Four identical slides were prepared by placing one minigel in the same position on each of the slides from the same cell suspension in agarose, then preparing a fresh suspension for the next position, and so on. Gels were then left to set at 4°C. Slides were immersed in 75 μM H 2 O 2 in a Coplin jar for 5 min at 4°C. After that, slides were washed three times, 5 min each, with cold PBS. One slide was transferred to lysis solution (see Comet assay), while the rest were transferred to a Coplin jar containing cell culture medium. After 15, 30 and 45 min of incubation at 37°C, one slide was transferred to the lysis solution.
Experiments with SDS: cytotoxicity
HeLa cells were incubated with SDS (0, 25, 50, 100, 200 and 400 µM) in supplemented DMEM in three identical 6-well plates for 15 h at 37°C. (Incubation in the gel was not possible because after 15 h even untreated cells were showing considerable damage.) The medium was then removed, and the cells were washed with PBS. At SDS concentrations of 100 µM and above, some or all cells had become detached, and so the supernatant was centrifuged and the pellet of cells returned to the corresponding well with fresh medium. Cells from one plate (i.e. one complete concentration set) were processed for the comet assay while incubation of the other two plates continued for 2 or 5 h to allow recovery. At 0, 2 and 5 h of recovery incubation, cells were scraped into the medium, centrifuged and resuspended in PBS at 1.5 × 10 5 /ml. Thirty microlitre of cell suspension was mixed with 140 µl of 1% low melting point agarose. Twelve 5 µl drops were placed onto a precoated slide as two rows of six. After the gels had set, the slides were placed in lysis solution.
Comet assay
Cells were lysed by placing the slides in a Coplin jar containing 2.5 M NaCl, 0.1 M Na 2 EDTA, 0.1 M Tris and 1% Triton X-100 (pH 10) at 4°C for at least 1 h. After that, slides were immersed in electrophoresis solution (0.3 M NaOH and 1 mM Na 2 EDTA, pH >13) for 30 min. Electrophoresis was then carried out at 1.3 V/cm for 20 min in the same solution. Slides were washed twice in cold PBS for 10 min and in water for another 10 min. Comets were fixed by immersing the slides in 70% ethanol for 15 min and in absolute ethanol for a further 15 min before placing them on the bench to dry overnight. Comets were stained with SYBRGold at the dilution recommended by the manufacturer in a bath at 4°C with agitation. After 40 min, SYBRGold solution was removed and the slides were rinsed twice with water and left to dry at room temperature. On the day of analysis, gels were hydrated by adding a drop of water on top of each minigel, and a glass coverslip (24 × 60 mm) was used to cover all the minigels on the slide. The semi-automated image analysis system Comet Assay IV (Perceptive Instruments) was used to evaluate 100 comets per gel in the case of the H 2 O 2 experiments. Percentage DNA in the tail was the parameter selected to describe each comet. The number of comets per gel (including so-called hedgehogs) was counted by eye.
Statistics
The H 2 O 2 experiment was performed twice. The median percentage DNA in tail was calculated for each gel. The mean was calculated for all eight gels from two experiments combined. The number of comets per gel is expressed as a percentage relative to the number before repair incubation. No statistics was applied to the results of the experiment with SDS because the slides could not be scored; they were simply observed and photographed.
Results
HeLa cells were treated with H 2 O 2 (75 µM for 5 min) and then incubated for up to 45 min at 37°C. At 15-min intervals, samples were taken for comet assay analysis of DNA breaks. Four minigels were set up on each of four slides, one for each time point, with ostensibly the same number of cells per gel. The aim was to follow not just the recovery of cells from DNA damage but also the number of comets visible in the gel, to check the possibility that highly damaged DNA was disappearing from the gel. Because minigels were employed, with just a few hundred cells per gel, it was relatively simple to count every comet by scanning back and forth across the gel. Two experiments were performed. Figure 1 shows the mean percentage tail DNA from all eight gels (plus SD), from the two experiments combined. The extent of DNA damage decreased dramatically during the incubation, whereas the number of comets detected per gel did not change significantly. Thus, the decrease in DNA damage is the result of repair rather than loss of highly damaged apoptotic cells. Figure 2 illustrates the kinetics of recovery in the form of a histogram, in which DNA damage data are sorted into 5% intervals of tail DNA. The population of cells behaves homogeneously, the peak of damage moving steadily from right to left until, at 45 min, almost all comets are in a band that is essentially undamaged.
What would be the appearance of electrophoresed nucleoids from cells that are actually undergoing apoptosis? At least in the early stages of apoptosis, before massive degradation of DNA has occurred, it might be possible to detect comets. We treated HeLa cells with SDS concentrations from 25 to 400 μM for 15 h, followed by incubation in fresh medium for 2 and 5 h. Nucleoids from cells incubated with 25 or 50 μM SDS resembled those from control cells incubated without SDS, showing minimal strand breakage. After treatment with 100 μM SDS, comet tails were very well developed, and heads were extremely small ( Figure 3A) . Very similar comets were seen after further incubation for 2 or 5 h; there was no indication that any recovery had occurred ( Figure 3B and C) . Incubation with 200 μM SDS produced abnormal comets with DNA streaming out over a long distance ( Figure 3D ), which were impossible to count accurately. After 2 h of incubation in fresh medium, comets were no longer visible; instead, there was a diffuse green colour over the gel. Cells treated with 400 μM SDS were completely detached and disintegrating after 15 h, and it was impossible to continue incubating them in fresh medium.
Discussion
The idea that comets with small head and large tail represent apoptotic cells probably originated in an article by Olive et al. (2) , in which TK6 lymphoblastoid cells (which are apparently extremely sensitive to ionising radiation) were irradiated with 5 Gy and then incubated for 24 h. By 2 h, virtually all breaks were rejoined. However, at later times, 'hedgehog'-like comets were seen and were assumed to be from dying cells rather than a direct effect of the radiation. Other cell types-hamster V79 or CHO cells-showed no sign of apoptosis at 24 h after a dose as high as 100 Gy. Even if TK6 cells are atypical, it seems reasonable to regard those 'hedgehog'-like comets as coming from cells in the early stages of apoptosis (before major fragmentation). But there is no reason to assume that such comets, whenever they appear, are necessarily apoptotic.
The short report by Gopalakrishna and Khar (6) appears to identify comets with a large tail and small head as an indication of apoptosis, simply because they are seen in tumour cells cocultured with NK cells and anti-tumour antibody, a treatment that induces cell death. Florent et al. (7) classified 'heavily damaged cells' (equivalent to hedgehogs) as apoptotic. They appeared as early as 1 h after serum deprivation of human prolymphocytic Rec-1 cells-well before the cells became Annexin V positive. Annexin V is a protein with high affinity for phosphatidylserine, a component of the inner plasma membrane, and it is used to detect reorganisation of this membrane-an early stage in apoptosis. The same approach was used by this group to investigate apoptosis induced in Chinese hamster cell lines by staurosporine (8) and by topoisomerase inhibitors (9).
Hartmann and Speit (11) equate 'clouds' (i.e. comets in which the head is so small that image analysis systems cannot score them) with dead cells. They suggest that such cometsthat appear to some extent even with non-genotoxic agentsshould be excluded from an analysis of genotoxic effects.
The idea that 'hedgehog' comets could represent apoptotic cells is based on a misconception concerning the detection range of the comet assay. X-irradiation experiments indicate that the comet assay saturates at around 10 Gy (12), which is equivalent to three breaks per 10 9 daltons, two breaks per 10 6 base pairs, or several thousand breaks per cell. This is nowhere near the level of fragmentation associated with apoptosis, which reduces the DNA to oligonucleotides. Furthermore, apoptosis is by definition irreversible, and so-in our experiment at least-the breaks cannot represent apoptosis. It should be stressed that 'hedgehog' comets typically are seen very soon after treatment-as was reported by Tice et al. (14) induced cell death in U937 (a human monocytic blood cell line) and HepG2 (a cell line derived from a human hepatocarcinoma) by incubating them with 7β-hydroxycholesterol for 48 h. DNA damage was induced; maximally damaged comets (equivalent to 'hedgehogs') were present to the same extent in both cell lines, whereas apoptosis (detected by DNA laddering, morphological examination and flow cytometry) was induced only in the U937 cells. It was hypothesised by Rundell et al. (16) that it should be possible to distinguish DNA damage in apoptotic and non-apoptotic cells because only in the latter is the damage repairable-apoptosis being an irreversible process. Chinese hamster ovary cells were treated with ethylmethanesulphonate, 2-acetoxyacetylaminofluorene or H 2 O 2 and subjected to the comet assay either at once or after 4 h incubation. Comets were significantly less pronounced after incubation, as cells repaired the damage. The alternative explanation-that apoptotic cells continued to fragment their DNA during incubation to an extent that the nucleoids simply disappeared during electrophoresis-was addressed by recording positions of nucleoids before electrophoresis and relocating comets after electrophoresis. No loss of nucleoids occurred. Essentially, we have confirmed with our experiments the findings of Rundell et al. (16) , while monitoring the recovery process more closelytaking samples at 15 min intervals rather than just after 4 h.
A further argument against giving special significance to 'hedgehog' comets is the fact that cells with a low level of SBs can give rise to 'hedgehog' comets when digestion with a lesion-specific enzyme is included to convert oxidised or alkylated bases to breaks (Figure 4) .
In spite of the steady flow, over the years, of convincing reports giving the lie to the notion of 'hedgehogs', 'clouds' or 'ghosts' representing apoptosis, articles continue to appear in which it is taken for granted that comets with small head and almost all DNA in the tail come from apoptotic cells. 'Ghost cells' (small head, wide tail) are apparently arbitrarily defined by Choucroun et al. (17) as representing apoptosis, and comets with tail wider than head as 'intermediate'; they carried out apoptosis induction in Jurkat cells and detected 'ghosts', increasing in the first few hours to around 10-15%. 'Intermediate' comets were in the majority. They note the similarity between these apoptotically induced comets and those seen after genotoxic treatment, and refer to the resulting ambiguity. However, there is no confusion if it is accepted that 'ghosts', or 'hedgehogs', are simply one level of DNA breakage in a continuum.
Noda et al. (18) also define comets as derived from apoptotic cells if the head is small compared with the tail, and demonstrate their progressive appearance (apparently without any intermediate stages) after treating PC12 cells with apoptosisinducing agents. The occurrence of apoptosis was confirmed by flow cytometry with Annexin V-fluorescein isothiocynate. Clearly, 'hedgehog' comets can be produced during apoptosis, representing an early stage before massive DNA degradation; but such comets cannot be regarded as diagnostic of apoptosis.
The neutral comet assay was employed by Wilkins et al. (19) to analyse radiation-induced apoptosis, and this approach was adopted by Omidkhoda et al. (20) to look at the effect of superparamagnetic iron oxide on mesenchymal stem cells, and by Tarang et al. (21) in a study of radiation-induced apoptosis in leucocytes from α-thalassemia patients. Russo et al. (22) , investigating the protective effects of a plant extract on human cells, simply regarded comets with a high tail moment (and high percentage tail DNA) as indicating apoptosis. Brink et al. (23) treated murine L5178Y cells with sodium arsenite, a human carcinogen whose mechanism of action is not entirely clear. Over a 4-h incubation, they monitored the appearance of 'normal' comets (<60% DNA in tail), 'ghosts' (>60% DNA in tail), as well as the frequency of Annexin V-positive cells, propidium iodide-positive cells as an indicator of cytotoxicity, and morphological changes in the appearance of nuclei. The different time courses of these indices suggested that the comet assay alone cannot identify apoptotic cells. But the authors confusingly conclude that perhaps some of the 'normal' comets also represent (early) apoptotic cells rather than genotoxic DNA damage. Occam's razor would suggest, alternatively, that both kinds of comet represent the same kind of damage, namely genotoxic damage, on a continuum of increasing percentage tail DNA; the cut-off at 60% is arbitrary and unhelpful.
In the excellent 2009 review of the current status of the comet assay, Kumaravel et al. (24) discuss the controversy surrounding 'clouds', and conclude that more experiments are needed, under different exposure conditions, and addressing the fact that apoptosis is irreversible, in order to confirm whether or not clouds represent apoptosis.
It seems then that it is, after all, necessary to repeat the demonstration that 'hedgehog' comets are not diagnostic of apoptosis. We show clearly that cells are able to repair-within a short time-damage that gives rise to 'hedgehog' or 'ghost' comets. That this repair is real rather than an artefact caused by complete loss of heavily damaged cells is confirmed by the fact that although H 2 O 2 -induced breaks decrease during incubation, the total number of comets present does not change. There is no indication of disappearance of highly damaged cells, and so the explanation in terms of repair is entirely credible. Furthermore, we describe the completely different behaviour of DNA from cells that have been treated with an apoptosis-inducing agent, SDS. Effects were highly concentration dependent. Recognisable comets were seen after 15 h in 100 μM SDS, but there was no sign of repair on further incubation. After 200 μM SDS, images of long, diffuse streams of DNA (rather than the normal compact, rounded comet tails) were suggestive of migrating fragmented DNA, as would be expected in apoptosis, and the process of breakdown evidently continued during further incubation.
'Hedgehog' comets (or 'clouds', or 'ghosts'), as commonly described, are equivalent to comets with >80% of DNA in the tail. They are excluded from analysis of genotoxicity by many researchers as if they represented a qualitatively different type of DNA damage, associated with cell death (by apoptosis or necrosis) rather than potentially repairable lesions. The presence of 'hedgehog' comets is even regarded by some as an indication of cytotoxicity (as opposed to genotoxicity), as discussed by Burlinson et al. (25) . The histogram of Figure 2 indicates that, on the contrary, the comets-including those with >80% tail DNA-form a continuum; and that virtually all cells take part, in a concerted way, in the recovery process leading towards intact DNA.
Some image analysis systems may be unable to score comets with small, ill-defined heads accurately. The difficulty of scoring them is a problem that should be addressed; as these comets are on a continuum of damage, they should not be excluded. One solution would be to assign a value of, say, 90% tail DNA to all such comets. It is worth noting that the system of visual scoring (26) (not used in this report, and largely superseded by computerised image analysis, but still useful for those starting to use the assay and not equipped with image analysis) readily includes comets with small head and large tail, known as 'class 4 comets', in the overall comet score. Might hedgehog comets in some cases indicate an early stage of apoptosis? Comet images were certainly seen after incubation for 15 h with the cytotoxic detergent, SDS at 100 μM, presumably representing an early stage of apoptosis, from which, on further incubation, there was no recovery.
It is worth pointing out that the shape and size of a comet is highly dependent on conditions of electrophoresis, notably voltage and time (27, 28) ; and the appearance is of course also dependent on the stain used, microscope lamp intensity and filtration, and camera settings. This could explain the considerable variation in the appearance of 'hedgehog comets' or 'ghosts' as illustrated in published articles.
In conclusion, it seems incontrovertable that although 'hedgehog' comets might represent the very earliest stages of DNA breakdown in apoptosis, they are not diagnostic of apoptosis, and should not be taken as an indication of cytotoxicity because identical images are obtained after treatment with genotoxic agents. The damage they represent, in terms of DNA break frequency, is not extreme (a few thousand per cell) and-in non-apoptotic cells-is readily repaired. As the term 'hedgehog comet' is erroneously regarded by many as synonymous with cell death, the term should perhaps be abandoned. As such comets frequently represent the upper end of a continuum of damage, at least as detected with this assay, they should be included in any overall assessment of genotoxic DNA damage. The term 'ghost' should be reserved for comets that apparently have greatly reduced DNA content, giving faint but still cometshaped images. In cases where apoptosis is likely to have occurred, the possible loss of highly damaged cells in the course of the comet assay should be carefully monitored. Finally, the presence of 'hedgehog comets' is not a sign of cytotoxicity; genotoxicity tests should always be accompanied by a reliable cytotoxicity assay. 
